In this letter, a physically based model describing the kinetic evolution of extrinsic defects during annealing is presented. The fundamental concepts of Ostwald ripening and formation energy of extrinsic defects are combined in this model, which has been tested against some classical experiments concerning ͑i͒ transient enhanced diffusion ͑TED͒ of dopants in conjunction with the dissolution of ͕113͖ defects and ͑ii͒ the ''pulsed'' TED observed in the case of ultralow energy implants where the surface acts as a strong sink for the silicon interstitial atoms. We show that a full understanding of the formation and the evolution of extended defects leads to a correct prediction of dopant enhanced diffusion in all experimental conditions.
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1 These defects range from small interstitial clusters, 2 to ͕113͖ defects and, eventually, perfect and faulted dislocation loops. 3 During annealing, these defects evolve in size and type through the interchange of Si interstitial atoms (Si int 's͒. This competitive growth maintains, in the defect region, large supersaturations of Si int 's which act as a ''source'' for the rest of the wafer. The driving force for this evolution is the reduction of the formation energy of the defects as they grow in size or change their ''crystallographical'' structure. 4 Their evolution reflects the time-dependent decrease of the supersaturation of Si int 's at the origin of transient enhanced diffusion ͑TED͒ of boron.
Recently, Cowern and co-workers 2,5 have developed a model based on the description of the interchange of Si int 's between small clusters of different sizes ͑up to 250 atoms͒. This Ostwald ripening model is also able to describe the time evolution of the Si int supersaturation in the defect region during annealing. Using this model, they found the existence of ''magic'' sizes of small superstable Si clusters which are thought to be the precursors of the well known ͕113͖ defects.
We have extended the model of Cowern in order to simulate the concomitant evolution of all types of extended defects ͑not only clusters but also ͕113͖'s and dislocation loops͒ and of the Si int 's supersaturation for a variety of experimentally well known conditions.
In this letter, we present the first results of our simulations which predict the formation and evolution of extrinsic defects during annealing, and this in the presence of an interstitial trap such as the surface of the wafer. To test the validity of our model, we have simulated some of the ''famous'' TED experiments such as ͑i͒ the dissolution of ͕113͖ defects observed by Eaglesham et al. 6 and ͑ii͒ the ''pulsed'' TED observed in the case of ultralow energy implants. 7 In our model, the defect region is located at a given distance R p from the surface. Each defect ͑of size n up to thousands of atoms͒ is characterized by its formation energy E f (n) defined as the energy required to add one extra atom to the defect, and by its rate of emission and capture of Si int 's, R n , and F n , respectively. This picture is consistent with recent experimental findings 8 showing that TED is due to a time-decaying Si int source located on the defects and a interstitial flux towards the surface.
The evolution of the defect size distribution N n and of the interstitial supersaturation S can be mathematically expressed as
with F n ϭ4D i C i *a n S,
͑4͒
The capture rate F n depends on the defect environment and is directly proportional to the mean interstitial supersaturation S in the defect region. The emission rate R n depends only on the formation energy E f (n), and therefore on the size and type of the extended defect. C 0 is the preexponential factor of C i * , the equilibrium interstitial concentration, and a n is the capture radius of a defect of size n. The product defect layer and the surface, while the surface recombination length L accounts for the efficiency of the interstitial trapping mechanism at the wafer surface.
As recently shown, 4 the four main types of defect which can be observed when annealing ion implanted silicon are: clusters, ͕113͖ defects, perfect dislocation loops ͑PDLs͒ and faulted dislocation loops ͑FDLs͒. The driving force for the growth of a defect is given by the decrease of its formation energy as its size increases. We have plotted in Fig. 1 the formation energy of all the different extended defects as a function of the number of Si int 's they contain. The plotted values have been obtained from a compilation of experimental and theoretical results extracted from the literature. 9 For nϽ10 the formation energy oscillates around the sizes of the ''magic'' clusters, 2 then E f slowly decreases until it reaches the curve describing the formation energy of the ͕113͖'s for increasing sizes. This curve tends towards the asymptotical limit of the formation energy of a ͕113͖ defect set by its fault energy of about 0.6 eV. 10 The formation energies of the PDLs and FDLs can be calculated as a function of their sizes and depend on the defect geometry. Details of the calculations are given elsewhere. 11 The implementation of these curves in our model ͓Eq. ͑4͔͒ allows us to predict the kinetic evolution of the extended defects.
We first consider the simulation of the ''famous'' experiments on the dissolution of ͕113͖ defects. Eaglesham et al. 6 implanted 40 keV Si ϩ ions (R p ϳ60 nm͒ to a dose of 5ϫ10 13 ions/cm 2 and annealed the samples at various temperatures under flowing N 2 . They studied the thermal evolution of ͕113͖ defects using transmission electron microscopy ͑TEM͒ and extracted the number of Si int 's stored in the ͕113͖s. Their experimental data ͑for an annealing temperature of 815°C͒ are plotted in Fig. 2͑a͒ along with the results of our simulations. The simulated curve has been calculated by taking a value of about 80 nm for LϩR p , that is assuming that the surface behaves as a strong interstitial sink. The results are in excellent agreement with the TEM observations. Moreover, the time dependence of the dissolution of ͕113͖s is perfectly predicted for all the annealing temperatures considered in Ref. 6 , as shown in Fig. 2͑b͒ . Indeed, all simulated curves have been obtained without changing any of the input parameters, except for the annealing temperature. The same agreement between experiments and simulations has also been found for the time evolution of the defect mean size and defect density ͑not shown͒. Furthermore, our simulations show the two experimentally observed regimes of the ͕113͖ defects evolution which can be explained as follows:
͑a͒ A quasiplateau, occurring during a certain period of time ͓for example, between 50 and 150 s at 815°C, see Fig. 2͑a͔͒ which increases as the annealing temperature decreases ͓see Fig. 2͑b͔͒ . This stage corresponds to the quasiconservative Ostwald ripening process during which defects mostly exchange Si int 's between themselves. It is interesting to note that other approaches 12, 13 do not predict this quasiplateau regime. Indeed, in those approaches the driving force for the defect evolution is not given by the necessary decrease of the formation energy as the defects grow. ͑b͒ A strong and fast dissolution of the ͕113͖ defects at longer annealing times.
The effect of the surface proximity on the defect evolution is investigated in the following. With reference to the simulation shown in Fig. 2͑a͒ (Tϭ815°C) , we have recalculated the same curve after increasing the value of LϩR p from 80 to 200 nm. This case may correspond either ͑i͒ to a higher energy implant and similar annealing conditions ͑same L, higher R p ͒ or ͑ii͒ to a weaker interstitial trapping at the surface, typical, for instance, of an annealing process under a neutral ambience ͑same R p , higher L͒. Results are shown in Fig. 3 . It is seen that in this case, the defects grow much faster before dissolving ͑dashed line in Fig. 3͒ and that the quasiconservative Ostwald ripening of ͕113͖'s allows the defects to retain their interstitial atoms for a much longer period of time. On the contrary, if the overall distance L ϩR p is strongly reduced down to 20 nm, the clusters rapidly dissolve even before transformation into ͕113͖ defects large enough to be easily detected by TEM ͑dotted-dashed line in Fig. 3͒ . This last case is typical of ultralow energy implants for which the surface is located very close to the defects (R p Ͻ5 nm͒ and where the so-called pulsed TED effect is detected.
To make this point clear, we have applied our model to simulate the experiment of Zhang et al. 7 They implanted 4 keV B ϩ ions into silicon to a dose of 10 14 ions/cm 2 and annealed the samples at 800°C from 15 s to 1 h. The authors detected TED of boron between 15 s and 15 min, however no observable defects were found by TEM. Our simulations accurately predict this TED evolution over the same range of time ͑not shown͒, but also predict the existence of small interstitial clusters ͑about 3 nm in diameter͒ which dissolve rapidly. In order to investigate this apparent discrepancy, we have analyzed, by TEM, samples implanted and annealed in similar conditions to those used in Ref. 7 and we have found that using appropriate imaging conditions small interstitial clusters are indeed observed in agreement with the simulations. These results are consistent with an earlier study by Huizing et al. 14 who proposed that the pulsed TED is buffered by small extrinsic defects less stable than ͕113͖'s and therefore less easily detectable by TEM.
In summary, we have demonstrated that the implementation of a physical model describing the formation and the evolution of extrinsic defects and their interaction with the surface of the wafer is a prerequisite condition in order to correctly predict TED in all experimental conditions.
